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DNA multi-CTL epitope vaccines for 
HIV and Plasmodium falciparum: 
immunogenicity in mice 



Tomas Hanke Jorg Schneider \ Sarah C. Gilbertf, Adrian V. S. Hill ' and 
Andrew McMichael"^ 

The potential of hitildifig niulti-cytotoxic T lymplioeyte (CTL) epitope antigens in 
eomhination with t/ie nucleic acid immunization technology is explored for develop- 
ment of acquired inufutnodeficiency syndrome (AIDS) and malaria vaccines. A novel 
tninimal vector pTH for direct gene transfer was constructed for efficient expression of 
vaccine antigens and used as a vehicle for human immuncjdeficiency virus (HIV)~ and 
Plasmodium falciparum-c/mve'f^ polyepitope genes. Two nuirine epitopes were included 
into these constructs to allow for testing of vaccine imniunogcfiicity in stnall animals. 
The results shcjwed that a single DNA injcctioti generated CTL responses in all 15 
vaccifuitcd mice. Tlie elicited CTL precursor frequeticies were estimated in an inter- 
feron-y (fFN-]')-based ELISPOT assay and found to be an average of 300 (range 
4-1346) peptule-responding cells per Uf splcfiocytes. © 199S Elsevier Science Ltd. All 
rights resen ed 

Ke>'words: pvt lye pi tope: DNA; vaccine 



Vaccination has provided the rno.st effective prevention 
of infectious diseases since the introduction c^f water 
chlorination and pasteurization of milk. As new infec- 
tions keep emerging and old ones that were tht>ught to 
be controlled re-emerge, the list of vaccines required 
for children and adults grows. New ways of vaccination 
including vaccine combinations and simplified 
immunization schedules are therefore of a great value 
in prevention of infectious diseases. 

An essential arm of the body's defense against many 
infections is the activity of CD8^ cytotoxic T lympho- 
cytes (CTL)'. Provided that this activity does not 
exacerbate the disease symptoms, a successful vaccine 
should expand the population of pathogen- specific 
CTL precurstirs. CTL recognize and kill cells 
displaying on their surface peptides derived from 
microbial proteins that arc presented to CTL in ass<.)ci- 
ation with major histocompatibility ctimplex (MHC) 
class I nmlecules. One way to minimize the amount of 
protein administered during vaccination is to engineer 
artihciai proteins consisting of CTL epitopes" \ rhese 
epitopes can be derived from multiple proteins o( one 
or several infectious agents and cover several known or 
predicted epitope variants which may arise from 
mutations escaping the CTL recognitit>n. Unlike the 
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use of wliole proteins, this approach enables focusing 
of the immune response on important or highly 
conserved epitopes and the exclusion of protein 
domains that could indtice infection-enhancing 
antibody or immunosuppression. An obstacle to 
epitope vaccine design is the polymorphism o( MHC 
class I molecules that together with other proteins in 
the antigen processing pathway determine which 
peptides are displayed on the cell surface. Conse- 
quently, different individuals present different sets of 
peptides to CTL depending on their genetic make-up. 
It has been estimated that Hve MHC class Lrestrictcd 
optimally selected epitopes could cover SO to 9()^f of 
the Caucasian and Oriental populations and eight or 
nine would be required for total coverage of the 
general population irrespective of ethnic descent"". 
Thus, althi)ugh the complexity o\' a broadly etHcacious 
epitope-based vaccine may still be high, our increasing 
understanding of the immune system and the avaiU 
ability of rapid strategies fc>r epitope determination 
have generated considerable interest in tlie potential 
applications of epitt.>pe-based vaccines to the prophyl- 
axis and therapy ol" infectious diseases. 

Direct DNA inoculation is a novel means o\ active 
specific imtnunizaliv)n. It is very attractive tor its si m feli- 
city, *pLuity" and the flexibility with which complex 
vaccines can be built. Also, DNA. vaccine preparatiiins 
are signitieantly more stable than current protein-based 
vaccines and probably saler than viral -media ted gene 
transfers, particularly in a p(..>tentialiy imniunocomprt>- 
mised host. 'Naked' DNA vaccination has been 
successfully used for //; r/iv^ induction of both humc>ral 
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and cc ll-rncdiated inuiume responses, including MHC 
class I-rcstrictcd CTL" '\ MorcDver, a successlul 
development of a vaccination protocol in mice, 
whereby a single DNA injcetion dose provides suKi- 
cient expression of proteins to elicit strong immune 
responses, has generated a hope that similar efheacy 
eoitld be achieved in primates including man. 

Acquired immunodeticiency syndrome (AIDS) and 
malaria are two diseases which have in some areas a 
significant iiTipact on public health and which are still 
waiting for an efficient vaccine. Although the correlates 
of protection remain elusive, the important role that 
CTL can play in the control of these infections has 
been supported for both the human immunodeficiency 
virus (HIV), the causative agent of AIDS, and 
Plasmodium fakipanim, the parasite causing severe 
malaria'"~". Induction of MHC class l-restricted CTL 
responses in the absence of antibody in high risk 
uninfected individuals can be one way to evaluate the 
role of CTL in preventing infection or, in the case of 
HIV, attenuating it to decrease virus load and delay 
the onset of AIDS. For this approach, vaccines 
efhciently eliciting CTL are required. 

In this work, the potential of building polyepitope 
vaccines together with the power of DNA immuniza- 
tion is exploreei for the developmcEit of CTL vaccines 
against AIDS and malaria, atid for a vaccine combina- 
tion approach in general. Initially, two polyepitope 
genes were constructed. The first gene, designated H, 
was derived from human and simian (SIV) immuno- 
deHcieney virus sequences and contained mostly 
human, but also macaque and murine CTL epitopes. 
The second gene, designated M, was originally 
assembled for a virus-like Ty particle-based vaccine 
(S.C. Gilbert ct al.. manuscript submitted for publica- 
tion) from known human CTL epitopes of the liver- 
stage proteins of Plasmodium falciparum together with 
a murine epitope derived from Plasmodium her-ghci. 
The H and Vl genes were inserted into a novel DNA 
vaccine vector pTH either on their own or as one 
combined multi-epitope gene called HM. As the first 
stage of testing of these recombinant vaccines prior to 
commencing pritnate trials, the vectors were inoculated 
into mice and the immunogenicities of the two murine 
epitopes were determined. 

MATERIALS AND METHODS 

DNA immunization vectors 

The backbone of the DNA immunization vectors was 
derived from plasm id pRc/CMV ( Invitrogen ). Firstly, 
the plasmid was cut with BamVW (there are 3 BattiVW 
sites iti pRc/CMV), the fragments carrying ColLl. 
/Mactamase and CMV promoter, and bovine growtli 
hormone polyadenylation site were gel-purihed and 
re-ligated giving plasmid pCMVBam. This plasmid was 
then partially cut with BamVW, the single-cut DNA was 
recovered from a gel. the staggered ends were hlled in 
using the Klenow polymerase and redigated. The 
plasmid with a unique BafuVW site in the polylinker 
was designated pCMV. The enliancer/promoter region 
ot pCMV was then excised using Mhi\ and ////all 1 1 
restriction end(.>nuclcases and a enhancer/immediale 
early prv>moter, intron A region of the h inn an 
cytomegalovirus (CMV) was Itgated between the twt> 



sites resulting in a plasmid designated pTH, The pTH 
vector was used as a vaccine vehicle for genes in direct 
gene transfers. 



Construction of multi-epitope DNA vectors 

The polyepitope gene H containing the HIV- and 
SlV-derived sequences was constructed using six 
partially overlapping oligonucleotides Sup I to Sup6 
(Rc<:D Systems) in a polymerase chain-reaction (PCR) 
assembly, l irst. 3 separate F^CRs were carried out 
employing Sup I and Sup2, Sup3 and Sup4. and Sup5 
and Sup6 primers. In the second step. Sup I -2 and 
Sup3-4 PCR products were added into the reaction 
mixture as template together with primers Supl and 
Sup4. Finally, the full-length gene H was amplified 
using PCR products of SupL4 and Sup5-6 as templates 
and primers Supl and Supf>. Multiple nucleotide 
sequence errors in the final PCR product were subse- 
quently corrected using site -directed mutagenesis'*. 
The correct gene H was inserted between the Him\\\\ 
and Pst\ sites of plasmid pTH and the resulting pTH.H 
plasmid was used for immunizations. 

To construct the pTFLM plasmid derived from 
Plasmodium genes, cassettes CAB containing total of 
nine CTL epitopes (S.C. Gilbert et aL. manuscript 
submitted for publication) were modihed using PCR. A 
BamVW site was put at the 5' end followed by a Kozak 
sequence and ATG, and the 3' BamHX site was 
converted ti) a BglW site. Cassettes D and H were then 
added to the 3' end of CAB and the CABDH gene was 
ligated into the pTH.H plasmid, which was digested 
with BglW (partial) and BamVW to remove the HIV 
epitopes but leave the niAb Pk tag in frame. 

Plasmid pTtLHM coding for both the HIV and 
Plasmodium epitopes was generated by inserting the 
BglW-Bat}iVW CAB cassette fragment into the BamVW 
site preceding the F'k tag in pTH.H. 



Cells 

293T and COS-! cells were maintained in Dulbecco s 
Modified Eagles Medium (Gibco) supplemented with 
10% fetal calf scrum (PCS: Gibco) and penicillin/strep- 
tomycin (P/S). P815 mastocytoma cell line was grown 
in RPMI 1640 (Gibco) supplemented with 10% FCS 
and P/S. All cells were cultured in humidified incuba- 
tors in 5% CO: at 37X\ 



Transient transfection of 293T and COS- 1 cells 

293T cells were grown in !5-nim tissue culture plates 
to approxitnately 7(1%' ci.in fluency and trans fee ted using 
the calcium phosphate precipitation method The 
cells were harvested after 3 days, resuspended in 
disruptit>n buffer [5% glycerol, 50 mM Tris-HCI, pH 7, 
2% sodiimi dodecylsulfatc (SDS). 5% 2-mereapto- 
ethanoL ().25^r brc)m(.>phenol l>lue| and stored at 
- 70^' until required. 

Transfection of COS- 1 cells was performed using 
the DLA\L-i.lextran-chloroquine method"''. Briefly, 
2 . 5 X 10^ C O S - 1 cells w e re g r t )\\ n overnight on ct > v e r - 
slips in f)-weil tissue culture plates. The folit)vving day 
ceils were transfected with 5 /(g DNA well ' and 
stained tor the Pk tag expression 48 h later. 
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Antibodies 

Monoclonal antibody SV5-P-k specific tor the Pk 
epitope was desciihed previously^' (Serotech). R4 
(ATCC) and blot in-conjugated XMGt.2 (Pharmigen) 
mAbs were used in the EL (SPOT assay tor detection 
of murine IFN-y. Tl TC-conjugated goat anii-nuaise 
antibodies (Sigma) were used in the tlu orescent 
microscopy. 

SDS-PAGE and Western blot analysis 

Cell lysates suspended in disruption buffer were 
boiled for 2 min, centrifuged and individtial 
polypeptides were separated on SDS- poly aery I amide 
gels cross-linked with \5^^r> (/V,A'-diallyltartardiamide 
(DATD) using thin (0.75 mm) mini-slab gels of the 
Bio-Rad electrophoresis system. Separated 
polypeptides were transferred onto a nyk>n filter 
(Amcrsham International) using a semi-drx^ gel electro- 
blotter (LKB). The filters were blocked with 
phosphate-buffered saline (PBS) plus 20% (u/r) 
skimmed milk and incubated with SV5-P-k mAb in 
PBS plus 5% (vt'/V) skimmed milk. Bound antibodies 
were detected using horseradisli peroxidase 
{ HRP)-coniugated protein A (Amersham Inter- 
national) in PBS plus 5% (nvV) skinmied milk followed 
by enhanced chemitutiiinescence (ECL: Amersham 
International). 

Fluorescence microscopy 

Transfected COS- 1 cells were hxed in 2% parafor- 
maldehyde in PBS and permeabilizcd using 0.2% 
Triton X-lOO in PBS. The expressed proteins were 
detected using the SV5-P-k mAb (Serotech) followed 
by FITC-C(.>niugated goat an ti -mouse antibodies 
(Sigma) and Huorc scent microscopy. 

DNA Immunization 

Plasmid DNA used for immunization was prepared 
using the Qiagen Mega prep Columns. Balb/c mice 
were injected into skeletal itiuscIcs as described 
previously'". Briefly, hair was removed from both kiwer 
hind legs and the calf muscles were injected with 50//! 
I0~' M cardiotoxin, a 60-amino acid-residue peptide 
isolated from Naja nighcollis venom (Latoxan) re sus- 
pended in 0.9% NaCl to cause muscle regeneration. Six 
days later, a total of 100 /(g plasmid DNA in endotoxin- 
free PBS (Sigma) was injected into the same muscles. 
Mice were sacrificed 10 days after the vaccination and 
the immunogenicity of the vaccine was assessed. 

CTL cultures 

Spleens were removed and pressed individually 
through a cell strainer (Falcon) using a 2-ml syringe 
rubber plunger. Tlie splenocytes were washed twice, 
suspended in 10 ml Lvmphocyte medium [RPMI 1640 
supplemented with 10^;^ I CS.' P/S, 20 niM MEPES and 
15 mM /i-mercaptoethanoll and incubated with 
2/fgml '' peptide in a humidified incubator in 59^ CO: 
at 37"C for 5 days. 

Target cells and standard "'Cr- release assay 

The effector cells were double-diluted in U-bottoiTi 
wells (96-well plate: Costar) to yield from 100:1 to y.\ 



e ffeci or- U)- target ratios. Five thvuisand ^'C^r- labeled 
PS 15 cells in a medium containing 10 M pefuide 
were then added to the effecitirs and incubated at 37X' 
ftir 4 h. Percent specific lysis was calculated as [(sam[ile 
re le a se — spo n t a n e o u s re 1 e a se )/( total re I ea se — s po n t a - 
ncous release)] x 100. The spontaneous release was 
lower than 20^*^ of the total c.p.m. 

ELISPOT assay 

The ELISPOT assay fV)r detection of !FN-; -releasing 
cells upon peptide stimulation vvas described 
previously''. Briefly. 06-well nitrocellulose-backed 
plates (MAHA .S45. Millipore) were coated with 100 /il 
of 15/fgnil ' of murine 1 FN-v-speciHc mAb R4 
(ATCC) overnight at 4X\ washed 6x with PBS and 
blocked using a medium supplemented with 10% FCS 
at room temperature for 1 h. Two dilutions of 5x \{\- 
and 2.5x10"' of freshly isolated splenocytes and 
2/(gml ' of a specific pepti(.le were then added into 
the wells and incubated at ?^TC, CO: overnight. 
5x10" cells without peptide were incubated as a 
negative control. The cells were washed 3 x with PBS 
then 1 /ig ml ' ' secondary' biotin-conjugated antibody 
.\MCil.2 (Pharmigen) was added and reacted at n)om 
temperature lor 3 h. The wells were washed 6 x with 
PBS and /\P-conjugated streptavidin (Sigma) was 
added at 1:1000 dilution for I h. The wells were again 
washed 6x with PBS and the spots were developed by 
adding peroxidase substrate 3,3'-diaminobenzidinete- 
trahydrochloride dihydrate (DAB; Sigma). After 
15 min the wells were washed with tap water, dried and 
the spots were counted under a dissection microscope. 



RESULTS 

Construction of DNA vaccines 

A novel vector tor a direct gene transfer was 
constructed from parental plasmid pRc/CMV (Figure 
/). Firstly, to minimize the size of the vaccine DNA, 
the neomycin resistance gene and fl origin for single- 
stranded DNA replication were removed. The 
pRc/CMV enhanccr/protnoter region was then substi- 
tuted with a more expression efficient enhancer/ 
promoter/intron cassette containing the human CMV 
immediate early promoter. The resulting vector was 
designated pTH and used throughout this work. It is 
approximately 5.5 kbp in size and contains, in addition 
to the promoter cassette, a polyadenylation signal of 
the bovine growth hormone gene. //-lactaiTiase gene 
and Col El origin of replication assuring a high plasinid 
copy number in bacteria. 

The CTL polyepitope gene 11 derived from the PI IV 
and SIV sequences was PCR assembled in viiro using 
six partially overlapping synthetic oligonuclet.nides 
{Fii^iifc 2). The open reading frame (ORF) is preceded 
by a K<.>zak l2-nucleotide consensus sequence to h\\-or 
the initiation of trans!aii(.)n from the first methionine 
ct)don of the recombinant protein gene'". A sequence 
codifig tor nine-amino acid-residue tag l*k recognized 
bv monocltmal antibody (mAb) SV5-f^-k"" was coupled 
to the 3 '-end of the ptilyepitope gene. A site for 
restriction endonucfease BanilW was generated 
between the CTl- polyepitope and Pk tag coding 
sequences to facilitate future addition of CTL epitopes. 
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Figure 1 Construction of vector pTH for direct gene transfer. The pTH DNA vaccine vector was derived from plasmid pRc/CMV. First, the 
neomycin-resistance gene and M13 f1 origin of replication were removed and the BamH\ site in the plasmid polylinker was made unique. 
The pRc/CMV promoter was then substituted with an enhancer/promoter/intron region of the human cytomegalovirus. CMVe/p-CMV 
enhancer/promoter region: CfVlVe/p/i-CMV enhancer/promoter/intron region: BGHpA-bovine growth hormone polyadenylation signal; 
Amp-/;-lactamase gene: ColEt -origin of plasmid replication: Neo-neornycin resistance gene; f1-Ml3 origin of replication; B-BamH\: 
H-H/ndlll; M-ZW/ul; P-Pst\ 



The H gene ct>n tains I murine, huinan (restricted hy 12 
(Jitterent MLA moiecules) and 3 rhesus macaque CTL 
epitopes iFii;itrc J). All the HIV- 1 human epitopes are 
derived frum the com rt ion European/North American 
clade B viruses and the corresponding CTL were 
detected in HIV-infected individuals. The restricting 
HLA molecules sh(.iuld enable over *^)iKf of the above 
population to mount CTL responses. Where possible, 
advantage was taken of overlapping CTL epitopes to 
minimize the protein size, which totals 134 amino acid 
residues. F^lasmid pTH.H was generated hy inserting 
the H gene between the ////idlll and Psi\ sites of the 
pTH polylinker. 

Construetitui of the PliisfH(Hliuni-d<:r\\'cd CTL polye- 
pitope genes has been described elsewhere (S.C. 
Gilbert ct a/., manuscript submitted for publication). 
Briefly, genes coding for cassettes of three epitopes 
and Hanked by %/ll and BatnHl sites al their respec- 
tive 5' and 3' ends were assembled using synthetic 
oligonucleotides. Multi-cassette genes were then built 
by sequential insertioits of individual 3-epilope 
CLissettes into the 3' BanibW site, therefore each group 
of three epitopes in the prt.>tein is separated by GS 
amini.> acid residues. The M gene product contains 1 
murine epit(.)pe of /? hcn^lici and II hunum epitopes of 
P. falcipiiruni . which are followed by 3 prom i scut his 
helper e(.'>itv.>|ies derived from P fakipiimni cireumspor- 
ozoite protein, Myc<)hacicritin\ luhcrcufosis 3S kl3a 
antigen anci tetanus toxin {rii^nrc 3). The VI protein 
contains 173 amino acid residues. To generate plasmii.1 
pTH.M. the Kozak and PlcLsniodtunt CfL/helper 
epitc>pe sequences were inserted between the ^(i,'/II and 
8af?i\{\ sites of pTH.H, thus replacing the H p^ilyepi- 



tope gene with the M gene. Finally, plasmid pTH.HM 
expressing both the HIV and 'malaria* epitopes (221 
amino acid residues) was constructed by cICMiing of the 
three proximal cassettes of the M izene into the unique 
BumH\ site of pTH.H {Fiiiurc J). 

Elxpression and subcellular localization of multi- 
epitope proteins 

E.xpression of the recotiibinant proteins from the 
novel pTH vector was conhrmed in vitro prior to 
testing their intmunogenicities in experimental animals. 
A ntonolayer of 2^>3T cells was transiently ttansfected 
with vectors pTH.H. pTH.M or pTH.HM and cultured 
for 2 days. The cells were then lyzed. the soluble 
fraeti(>ns were separated through an 
SDS-polyacr\'lamide gel and Western bitiited, and the 
recombinant proteins were detected using the Pk 
tag-specitic mAb followed by H RP-conjugaied protein 
A and enhanced chemihmiineseence (F/t,'///v 4). The 
ftdl-size H. M and HM polyepitopes migrated 
according to their predicted respective relative molec- 
ular masses of 15.3 kDa, lS.SkL)a and 24.M kOa. As 
expected for these artificially created proteins, some 
partially degraded faster-nugraling species were 
obseivcd. 

Subcellulai localization of the M, VL and HVl gene 
prt>ducts in COS- 1 cells was visualized by immmu)- 
lluorescence. COS-1 cells were transiently transfected 
with plasmid l)NAs. the iratisfectetl cells were rtxed. 
their metubranes were permeabilized and the SV5-l*-k 
mAb follt>wed by anti-murine FITC-conjugated 
atitibo(.lics were used U) detect the expressed recombi- 
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nant proteins. All throe pulypcp tides appeared to 
aecumulate in similar vacuolar structures in the 
cytoplasm. An example (.>f the immunoHLiorescence and 
corresponding phase -contrast images is shown for the 
pTF-rHM-transfectcd COS- 1 i:c\\%\rigiirc 5). Together, 
these results demonstrated efficient expression of the 
polvepitope nenes from the pTH vector in eukaryotic 
cells. 



Induction of CTL by DNA vaccination 

To be able to test the immunogenicity of the DNA 
vaccines in a small-animal model, tvvo CTL epitopes 
presented by murine MHC molecules were included 
into the vaccine antigens. The Hrst epitop^e 
RGPGRAFVTI is a part of the H gene. It is presented 
by the H-2D'^ molecule and was derived from the V3 
region of the HIV- 1 envelope glycoprotein^'. The 
second well-defined H-2K''-restricted CTL epitope 
SYIPSAEK! is included in the M gene and originates 
from the circumsporozoite protein of R hefy/iei'^. 

In the hrst experiment, a group of mice was vacci- 
nated using the pTfl.HIVl vector and the //; vho 
priming of CTL was assessed in a standard "^'Cr-re lease 



CTL assay. Immune splenocytes were isolated 10 days 
post-injection and their bulk cultures were peptide- 
resiimulatcd for 5 days. The assay showed that a single 
vaccine dose elicited CTL capable of lyzing PS 15 Cecils 
sensitized with both HIV and Plasnuxlium peptides 
{Fiij;urc 6). At the highest effector to target ratio of 
HH):1, the net specific lyses were 2(S. 3M arid 22''r for 
the HIV epitope and 21, 35 and 13^:; for the 
PlasnioJittfn epitope of total c.p.m. released by a deter- 
gent treatment of target cells. Splenocytes from mice 
immunized with an irrelevant DNA and restimulated 
for 5 days with specihc peptides did not show any 
peptide-speciHc CTL activity (data not shown). 

In the second experiment, mice were vaccinated 
with either plasmid pTH.H, pTH.M t>r pTH.HM. 
Again, a single DNA vaccine dose elicited CTL 
responses in all immunized animals (lahh' I). The 
observed specihc lyzes ranged from lO^r (animal m4) 
to 51% (animal h3) of the total "Cr release. This time, 
the frequencies of c\ vivo peptide-specihc splenocytes 
were estimated using an ELISPOT assay for detection 
of IFN--;-producing cells'', it was shown previously that 
the ELISPOT responses are dcpendcni on the 
presence of short .MHC class I-resiricted pcpiides and 



Supl 5 ' -CTCGAGAAGCTTAGATCTCCCGCCGCCACCATGGAAAGATACC 
T AAAGG ATC AAC AGCTCCTGG AG ATC ACTCC AATTGGc ttggcccc 
acctatc-3 * 

Sup2 5 ' -gtacatgcggactatcTTGTTCAAACCCAGTATGATCCATCTT 
TTGTAAATCTCTCCTACTGGga taggtggggccaag- 3 ' 

Sup3 5 ' -gatagtccgcatgtacAATCTAACGATGAAGTGTCGTATCCAG 
AGAGGACCAGggagagcatttgttac-3 * 

Sup4 5 ' -gccttgtaggtcattgGTCTTAAAGGTACCTGAGGTCTTAACA 
TCTGGTTAATGTCATAGGGTGTCTTTCCTATTgtaacaaatgctct 
cc-3 ' 

Sup5 5 ' -caatgacctacaaggcAGTCGATCTTAGCCACTTCTTAAAAGA 
AAAGGGTGGACTG ATTCTAAAAG AACCAGTAC ATggag t g t ac c a t 
ccag-3 ' 

Sup6 5 ' -GAATTCCTGCAGTCAGTCCAATCCCAGCAAAGGGTTTGGAATG 
GATCCTAGGTCATCCATGTATTGATAGATAACTATGTctggatggt 
acactcc-3 ' 



(B) 



Supl Sup 3 Sup 5 



Sup2 Sup4 Sup 6 

Figure 2 Synthesis of the HIV/SIV polyepitope gene, Panel A gives the nucleotide sequences of the set of six primers used for the PGR 
assembly of gene H. The compleinentary regions are shown in lower case. Panel B schematically depicts the gene assembly 
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the IFN-v is almost solely produced by T cells 

(A. Lalvani ct ciL. manuscript in preparation). An 
example ot the IFN-v footprints* obtained in the 
E L I S P OT a ssa y i s s h o w n f c> r m o u se hi vaccinated with 
plasm id pTH.Fl [Figure 7). In that instance, an average 
of 673 positive signals per 5 x M.) ■ freshly isolated 
splcnocytes was counted. On average 300 (range 
4-1346) responding cells per 10*' splcnocytes were 
detected [Table 2) and the percent specific lysis at the 
effector-to-target ratio of 100:1 after a 5-day peptide 
resiimulation directly correlated with a logarithmic plot 
of the responder frequencies with the correlation 
coefficient R- - 0,6 [Figure S). Peptides failed to stimu- 
late IFN-v production in splcnocytes from unprimed 
animals (data not shown). 

At the time of sacrifice, all DNA-vaccinated animals 
appeared normal and active suggesting that expression 
of the novel recombinant proteins in skeletal muscles 
did not cause any obvious adverse reactions or 
discomfort. 



DISCUSSION 

in the present report, a novel minimal DNA vector 
pTH for direct gene transfer was developed (Figure / ), 
which provided an efhcicnt expression of the vaccine 



genes in cukarx'otic cells. Fhe gene products were 
easily detectable via a C-terminal tag Pk recognized by 
a mAb (Figs 4 and 5) and, after a single vaccination 
dose, generated CTL responses in 15 out of 15 vacci- 
nated animals (Figure 6 and Table /). In animals 
immunized with a combined H\WIPlasu\odium polyepi- 
tope vaccine, equal CTL responses were elicited 
against two present epitopes (Figure 6 and Table I). 

The various pitfalls of antigen processing into 
peptides, the peptide transport, association with MHC 
molecules and presentation of the MHC-peptide 
complexes on the cell surface continue to be an area of 
active research. In particular, the negative influence of 
adjacent protein sequences on the generation of 
epitopes was demonstrated in some special situations^'', 
while other epitopes Hanked by 'unnaturar amino acid 
residues were efficiently excised^'"'. Epitt^pes from 
within recofiibinant polyepitope proteins were 
processed and presented to CDS^ CTL. and both in 
vitro sensitized target cells' and in yi\-<? primed CTL 
responses ' '\ Here, further examples were provided 
where murine epitopes within H, M and HM multi- 
epitope proteins were generated in vivo. For the HM 
protein, the twL> epitopes restricted by different Vl-l"^ 
molecules induced CTL responses with similar efficien- 
cies (Figure 6 and Table / ). Furthermore, preliminary 
results suggested that three rhesus macaque epitopes 
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Figure 3 Schematic outline of the H. M and HM proteins. The bar patterns on the schematic representations of the polyepitope proteins 
indicate the origin ol the sequences. The positions of individual epitopes and their MHC restrictions are depicted above and below the 
proteins, pb is the only epitope derived from the circumsporozoite protein of P. berghei. All other epitopes in the M protein originate from 
proteins of P. falciparum: cs- circumsporozoite protein, st-STARP (sporozoite threonine- and asparagine-rich protein). Is-LSA*1 (liver stage 
antigen 1) and tr-TRAP (thrombospondin-related adhesive protein). BCG-38 kDa protein of M. tuberculosis: TT-tetanus toxin (S.C. Gilbert 
et al.. manuscript submitted for publication) 
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of the H polypeptide elicited in vivo CTL responses (T. 
Hanke, unpublished data) and several human epitopes 
in H and HM proteins sensitized target cells to lysis hy 
CTL lines or defies (T. Hanke ef a I., manuscript 
submitted for publication). Thus, processing of indivi- 
dual epitopes from polyepitope antigens is in most 
cases successful. 

Approximate frequencies of CTL precursors specific 
for the vaccine-encoded antigens were determined in 
an ELISPOT assay detecting IFN-y-producing cells 
upon H-ID"^' and K'^-restricted peptide stimulation. 
The frequencies of stimulated cells after DNA priming 
(Table 2) were comparable to the ELISPOT frequen- 
cies detected following immunization with a recombi- 
nant vaccinia virus expressing the R yoelii 
circumsporozoite protein^' and correlated with the 
levels of cytotoxic activity {Figure S). Although a 
component of CD4'' ThI responding cells cannot be 
excluded, it was shown in other experiments that the 
responding T cells in assays using MHC class 
I-restricted peptides are almost entirely CD8^ (A. 
Lalvani et aL, manuscript in preparation). Thus, this 



U H M HM 




Figure 4 Expression of polyepitope proteins in transfected cells. 
293T cells were transiently transfected with individual DNA vectors 
and the expression of the corresponding gene products was 
assessed in a Western blot analysis using the C-terminal Pk tag 
and tag-specific mAb followed by HRP-conjugated protein A and 
ECL. Lane U shows untransfected 293T cells and lanes H, M and 
HM are polypeptides detected in cells transfected with pTH.H, 
pTH.M and pTH.HM plasmids, respectively. The positions of 
relative molecular mass markers are indicated on the side 



simple, quick and sensitive method might in future 
substitute for the more conventional ''Cr-release assay 
and overcome the need for MHC-malched target ceils, 
w^hich would signiHcantly facilitate the testing of 
vaccines in primate models where the establishment of 
autologous B lymphoblastoid cell lines is often labor- 
ious and difficult. 

Finally, the C-terminal Pk tag proved to be useful 
for confirming the presence of a full-length ORF of the 
in i7/;Y>-assembled genes and determining the 
subcellular localizaliiin of the gene products. To date, 
the Pk tag has been shown to retain its antigenicity 
when attached to either end of to up to M) different 
proteins^***""*" (also R.E. Randall, University of 




Figure 5 Subcellular localization of polyepitope proteins. COS-l 
cells were transiently transfected with plasmid pTH.HM. fixed, 
permeabilized and the recombinant proteins were detected using 
SV5-P-k mAb followed by anti-mouse FITC-conjugated polyclonal 
antibody. The top image shows the subcellular localization of the 
HM polypeptide visualized under a fluorescence microscope. Both 
transformed (left) and untransformed (right) cells are shown. In the 
bottom half of the figure, the same two cells are shown in a phase- 
contrast image 
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Figure 6 Cytotoxic T lymphocyte activities in mice immunized with the pTH.HM DNA vaccine. Mice were vaccinated intramuscularly with 
a single dose of 100//g plasmid DNA. sacrificed 10 days later and the splenocytes were in vitro peptide-restimuiated for 5 days. The 
cytotoxic activity of these bulk cultures were tested in a 4-h ""Cr-release assay on P815 cells alone (triangles), or P815 celts in the presence 
of 10 M HIV peptide (circles) or Plasmodium peptide (squares) 
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Induction of CTL responses by \.m. inoculation of pTH.H. pTH.M anci pTH.HM DNA vaccines' 



P815 cells plus:" 



Mouse 


Vaccine 


HIV peptide 


Plasmodium peptide 


No peptide 


hi 


pTH.H 


41. 30. 27- 


nd" 


~ 1. 0. 3 


fi2 


pTH.H 


34. 19. 12 


nd 


0. 0. 0 


h3 


pTH.H 


50. 51. 29 


nd 


1. 2. 0 


h4 


pTH.H 


13. 9. 4 


nd 


2. 3. 2 


ml 


pTH.M 


nd 


21 , 19, 16 


3. 2, 1 


m2 


pTH.M 


nd 


19, 13, 7 


a, 9, 6 


tTl3 


pTH.M 


nd 


28. 16. 1 1 


3. 2. 3 


m4 


pTH.M 


nd 


10. 7. 3 


2. 2. 1 


hml 


• pTH.HfVl 


23. 20. 9 


17, 9. 8 


2. 1. 1 


hm2 


pTH.HIVI 


29, 29. 20 


25, 19, 15 


3. 1. 1 


hfn3 


pTH.HM 


16. 14. 6 


15. 12. 5 


3. 0. 1 


hm4 


pTH.HM 


34. 30. 24 


34. 25. 20 


2, 2 1 



'Mice were injected once with a total of 100 fig plasmid DNA into cardiotoxin-pretreated calf muscles. 
""Peptides were added into the assay wells at concentration of 10 ' fyl. 

"The cytotoxic activity is shown as percent specific lysis at effector to target ratios of 100:1, 50:1 and 25:1. 
^Not done. 



St. Andrews, personal comriuinicatinn ) and Xo be in 
those pi^sitions only marginally itTimunogenie 

Fully functional polyepitope genes expressed from 
reeombinant vaeeitiia viruses were reported 
previoLislv ' and tiie eonstruetion of polyepitope 
string-of-heads* vaccines tor combining epitopes from 
multiple pathogens or escape mutants are recognized 
concepts in the vaccine Held. However, the AIDS and 
malaria DNA vaccines constructed in the course n\' this 
work are unique in: 

(1) the large number of CTL epitopes they contain, 
including their flexibility h>r easy futuie epitope 
addition; 

(2) the partial use ot overlapping epitc>pes. which goes 
bevond the 'string of beads" in reducing the 
amount of protein prc>duced: 

<3) they are to our knowledge the Hrst DNA-based 
tn u I ti -epitope vaccines: and 



(4) altht>ugh designed t'or use in humans, they bear 
nitnine and rhesus macaque epitopes. 

These epitopes were included so that the same vaccines 
can be trsed to test the imnuin(.>genicity and optimal 
vaccination closes, rotites anil regimes in experimental 
animals. The information gained especially in 
macaciues, which are cU>ser in size and immune respcm- 
siveness to himians than small atiimals, will allow 
effective planning of trials in humans. 
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no. of cells 



2.5 X 10' 



5 X 10^ 



peptide 



Figure 7 ELISPOT assay for detection of IFN-;-producing cells. An example of duplicate ELISPOT signals obtained after HIV peptide 
stimulation of 5 - 10"' and 2.5 •: 10^ splenocytes removed from til mouse ol \he 2nd vaccination experiment is shown. Each dot represents 
a footprint' of a lFN-;-producing cell. 5 - 10^ splenocytes incubated in \he absence of peptide served as a negative control 
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Table 2 EUSPOT-determined frequencies o\ IFN-; -prcxJucing 
cells upKjn stimulation with CTL epitope peptides in freshly isolated 
spieens' 



Stinnulation 



Mouse 


Vaccine 


HIV peptide 


Plasmodium peptide 


hi 


pTH.H 


1.346 


nd" 


h2 


pTH.H 


1.170 


nd 


h3 


pTH.H 


390 


nd 


h4 


pTH.H 


10 


nd 


ml 


pTH.M 


nd 


76 


m2 


pTH.M 


nd 


4 


m3 


pTH.M 


nd 


22 


m4 


pTH.M 


nd 


6 


hml 


pTH.HM 


18 


366 


fim2 


pTH.HM 


nd 


. nd 


hm3 


pTH.HM 


12 


4 


hm4 


pTH.HN^ 


397 


367 



The listed frequencies were detennined from wells where 5x10* 
ceils were plated and are shown as a number of responding cells 
per 10^ splenocytes. 
''Not done. 
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